The BTB domain is a protein-protein interaction motif found throughout eukaryotes. Here we report the identification of two closely related BTB domain-containing proteins, POZ/BTB CONTAINING-PROTEIN 1 (POB1) and POB2, as negative regulators of defense against pathogens. In yeast two-hybrid assays, POB1 and POB2 dimerize through their BTB domains. The pob1-1 pob2-1 double mutant plants exhibited enhanced resistance against the fungal pathogen Botrytis cinerea and the oomycete pathogen Hyaloperonospora arabidopsidis Noco2. Double knockout, but not single mutants of pob1-1 and pob2-1, displayed enhanced sensitivity to growth inhibition by jasmonic acid (JA). In addition, expression of the JA-responsive defensin gene PDF1.2 is enhanced in the pob1-1 pob2-1 double mutant. Our data suggest that POB1 and POB2 function redundantly as negative regulators of JA-mediated pathogen resistance responses.
Introduction
The BTB domain is a widely distributed protein-protein interaction motif and BTB domain-containing proteins regulate diverse biological processes (Stogios et al. 2005) . Many BTB-domain-containing proteins function as substratespecific adaptors in Cul3-based E3 ligases (Pintard et al. 2004) . The plant defense regulators Nonexpressor of Pathogenesis-Related Genes 1 (NPR1), NPR3, and NPR4 all contain an N-terminal BTB domain (Rochon et al. 2006; Zhang et al. 2006) . NPR1 is required for systemic acquired resistance and its BTB domain is essential for both the TGA coactivator function and Pathogenesis-Related Gene 1 (PR1) activation by salicylic acid (SA). NPR3 and NPR4 negatively regulate PR gene expression and pathogen resistance in Arabidopsis thaliana (L.) Heynh.
In plants, jasmonic acid (JA) plays essential roles in defense against herbivores and necrotrophic pathogens (Glazebrook 2005; Howe and Jander 2008) . Early evidence for the requirement of JA in pathogen defense came from studies on the induction of PDF1.2, which encodes a plant defensin with in vitro antifungal activity (Penninckx et al. 1996 . Treatment with JA induces the expression of PDF1.2, whereas pathogen-induced expression of PDF1.2 was blocked in coi1, a JA perception mutant.
The essential role of JA in defense against necrotrophic pathogens was discovered by studying a triple mutant defective in JA synthesis, fad3-2 fad7-2 fad8 (Vijayan et al. 1998) . Pythium jasmonium killed the triple mutant plants but had no obvious effect on wild-type plants. The susceptibility of fad3-2 fad7-2 fad8 to the pathogen can be rescued by exogenous application of JA, suggesting that JA is required for the plant resistance against Pythium jasmonium (previously Pythium mastophorum Drechsler). Later studies showed that JA is also required for defense against other necrotrophic pathogens such as Alternaria brassicicola (Schwein.) Wiltshire and Botrytis cinerea Pers. Mutants with defects in JA signaling usually display enhanced susceptibility to these pathogens Ferrari et al. 2003) .
Here we report the identification of two redundant BTB domain-containing proteins POB1 and POB2 that function as negative regulators of defense against pathogens. Induction of defense marker gene PDF1.2 is enhanced in the pob1-1pob2-1 double mutant and the mutant plants display enhanced resistance to B. cinerea. The BTB domains of these two proteins may function in the dimerization of POB1 and POB2.
Materials and methods

Biological materials and growth conditions
Arabidopsis thaliana plants were grown at 22 8C in 16 h light : 8 h dark on soil or 1/2 Murashige and Skoog (MS) medium.
pob1-1 (SALK_001013) and pob2-1 (SALK_145146) were obtained from the Arabidopsis Biological Resource Center (Ohio State University, Ohio). pob1-1 was crossed with pob2-1 and the pob1-1 pob2-1 double mutant was obtained from the F2 by genotyping. opr3-2 contains a mutation in OPDA reductase 3 (OPR3) that creates an early stop codon in the cDNA and was kindly provided by Dr. Jianmin Zhou (National Institute of Biological Sciences, Beijing). Botrytis cinerea was grown on potato dextrose agar medium (Difco, Detroit, Mich., USA) at 22 8C for 10 d, and spores were collected in water for infection.
Pathogen infections
Four-week-old soil-grown plants were used for B. cinerea infection. Plants were sprayed with a suspension of 3 Â 10 5 spores per millilitre of water. After inoculation, plants were covered with a clear plastic dome to maintain high humidity in a growth chamber at 22 8C under 12 h light : 12 h dark. The progress of fungal infection was scored 4 d later, as previously described (Berrocal-Lobo et al. 2002) , by viewing the development of necrosis in the infected leaves, and infection ratings were assigned to the inoculated plants (0-3 scale: 0, no infection/necrosis; 1, 1-4 leaves showing some necrosis; 2, 5-10 leaves showing necrosis; 3, dead/decayed plant). At least 15 plants per genotype were inoculated in each experiment.
Infections with Hyaloperonospora arabidopsidis Noco2 were carried out and scored as previously described (Gao et al. 2008) . Plants were kept at 18 8C under 12 h light : 12 h dark with 95% humidity after being sprayed with the spores of H. arabidopsidis Noco2.
Expression analysis and growth inhibition assays
For PDF1.2 or PR1 expression assay, two-week-old seedlings grown on MS medium were sprayed with 50 mmolÁL -1 methyl JA (MeJA) or 50 mmolÁL -1 2,6-dichloroisonicotinic acid (INA) and collected at different time in liquid nitrogen. RNA was extracted using the RNAiso reagent (Takara) and reverse transcription (RT) was performed using the M-MLV reverse transcriptase (Takara). Expression of PDF1.2 gene was determined by real-time PCR using primers PDF1.2-F (5'-ATCACCCTTATCTTCGCTGC-3') and PDF1.2-R (5'-TGCTGGGAAGACATAGTTGC-3'). The primers used for amplification of Actin1 and PR1 were described previously (Zhang et al. 2003) .
For root growth assays, plants were seeded on MS medium with different concentrations of MeJA and grown for 7 or 10 d at 22 8C under 16 h light : 8 h dark.
Complementation analysis
The POB1 genomic DNA was amplified by PCR from wild-type Col-0 DNA using the primers 5'-CGGGGTACC-GAATTCGACGAGGTTTTCGC-3' and 5'-CTGCCATC-GATCTAAGGATCTGTAGACCTTTTG-3' and cloned into the binary vector pGreen229 to create pG229POB1. The POB2 genomic DNA was amplified by PCR using the primers 5'-CCGGAATTCGGGAGCTCCTTTTCTTCTTCT-3' and 5'-CGCGGATCCTCAGTGCAGGTCTGAGGAAC-3' and also cloned into pGreen229 to create pG229POB2. To confirm that the phenotypes observed in pob1-1 pob2-1 were caused by mutations in both POB1 and POB2, the genomic clones of POB1 and POB2 were transformed into the double mutant plants by Agrobacterium-mediated floral dipping method (Clough and Bent 1998) .
Yeast two-hybrid screen
The plasmid vectors pBI880 and pBI881 and the prey Arabidopsis library were obtained from Dr. William Crosby (University of Windsor, Ont., Canada). To construct the bait plasmid, the BTB domain (1-253 amino acids) of POB1 cDNA was cloned into pBI880. The bait plasmid was transformed into yeast strain YPH1348. For yeast-two hybrid screening, 30 mL culture of the bait strain was grown to a concentration of 3 Â 10 7 cellsÁmL -1 , collected by centrifugation and resuspended in sterile water to a final volume of 1 mL. We mixed 200 mL of the bait strain with 10 8 cfu (colony-forming unit) of the pre-transformed library strain in a microcentrifuge tube, resuspended it in 50 mL yeast complete medium (YCM) (1% yeast extract, 1% bactopeptone, 2% dextrose) at pH 3.5 and agitated it for 105 min at 30 8C. Cells were collected by centrifugation, resuspended in 200 mL sterile water and plated on YCM plates at pH 4.5. After incubation at 30 8C for 5 h, cells were washed off the plate with 1 molÁL -1 sorbitol, counted with a hemocytometer and plated onto SD-Leu-Trp-His + 3 mmolÁL -1 3AT plate to select colonies expressing the HIS3 reporter gene.
For the targeted yeast two-hybrid analysis, full-length POB1 and POB2 cDNAs were amplified by PCR from total cDNA and cloned into pBI880 and PBI881, respectively. Cells were cotransformed with the bait and the prey plasmids, and the transformants were plated on SD-Leu-TrpHis plates for the growth assay.
Results
Identification of knockout mutants for POB1 and POB2
One main obstacle of reverse genetics analysis of Arabidopsis gene functions is the lack of obvious phenotypes in the vast majority of single knockout mutants. To address the problem caused by genetic redundancy, we carried out systematic reverse genetics analysis of genes encoding closely related proteins with greater than 80% identity by constructing a collection of double knockout mutants. POB1 and POB2 are two proteins with about 88% identity at amino acid level that are included in the studies. Both proteins contain an N-terminal BTB domain and are encoded by At3g61600 (POB1) and At2g46260 (POB2). To analyze the function of these two genes, insertion mutants for POB1 (pob1-1, Salk_001013) and POB2 (pob2-1, Salk_145146) were obtained from the Arabidopsis Biological Resource Center. The locations of the transfer DNA (T-DNA) insertions are shown in Fig. 1A . The insertion of pob1-1 is in the second intron of POB1, while the insertion of pob2-1 is in the second exon of POB2.
RT-PCR analysis showed that expression of POB1 and POB2 was eliminated by the T-DNA insertions (Fig. 1B) . To determine whether POB1 and POB2 function redundantly, the pob1-1 pob2-1 double mutant was created by crossing the two single mutants and screening for lines carrying homozygous mutations for both genes in the F2 progeny. We observed that pob1-1 pob2-1 plants are smaller than the wild type and the single mutants (Fig. 1C) . The roots of the double mutant are slightly shorter than wild type (Fig. 4A) . In addition, the double mutant has an early senescence phenotype.
The pob1-1 pob2-1 double mutant displayed enhanced resistance to pathogens Our lab is interested in the regulation of plant immunity. To test whether POB1 and POB2 affect resistance to pathogens, single and double mutants were sprayed with spores of B. cinerea, a necrotrophic pathogen. opr3-2, a JA synthesis mutant, was used as a positive control. Consistent with previous reports using JA signaling mutant coi1, opr3-2 showed increased susceptibility to B. cinerea owing to lack of JA ( Fig. 2A) . In contrast, pob1-1 pob2-1 is more resistant to the pathogen than the wild-type and single mutants.
We also tested whether resistance to the biotrophic oomycete pathogen H. arabidopsidis Noco2 is affected in the pob1 and pob2 mutants by spraying the spores of H. arabidopsidis Noco2 on the seedlings. As shown in Fig. 2B , growth of the pathogen was decreased on pob1-1 pob2-1 compared with wild-type plants, suggesting that pob1-1 pob2-1 is more resistant to H. arabidopsidis Noco2.
Induction of PDF1.2 is enhanced in the pob1-1 pob2-1 double mutant
Arabidopsis PDF1.2 is a marker gene in defense against necrotrophic pathogens and its expression can be induced by JA (Penninckx et al. 1996) . To test whether PDF1.2 expression is affected in the pob1-1 and pob2-1 mutant plants, we analyzed the expression of PDF1.2 before and after MeJA induction. As shown in Fig. 3A , basal levels of PDF1.2 were elevated in pob1-1 compared with wild type. In the pob1-1 pob2-1 double mutant, basal expression of PDF1.2 is further increased relative to the pob1-1 single mutant. In addition, induction by MeJA leads to much higher PDF1.2 expression in the double mutant compared with those of the wild-type and single mutants, suggesting that the JA signaling pathway participate in the process of defense against necrotrophic pathogens in the pob1-1 pob2-1 double mutant.
We also analyzed the expression of defense marker gene PR1 that is involved in defense against biotrophic pathogen. As shown in Fig. 3B , the basal expression of PR1 was higher in pob1-1 pob2-1 compared with wild-type and single mutants. However, after induction by SA analog INA, the expression of PR1 displayed similar levels in the wildtype and mutant plants, suggesting that responses to SA were not altered in the pob1-1 pob2-1 double mutant.
The pob-1 pob2-1 double mutant is hypersensitive to JA Since MeJA induces higher PDF1.2 expression in pob1-1 pob2-1, we tested whether the double mutant is more sensitive to growth inhibition by MeJA. When plated on MS plates with 25 mmolÁL -1 MeJA, the inhibition effect of MeJA on root growth was more severe in the double mutant than in wild-type and single mutants (Fig. 4A) . This is con- firmed by quantitative measurement of root growth of wildtype and mutant plants under different concentrations of MeJA (Figs. 4B and 4C ). The hypersensitivity of the pob1-1 pob2-1 to MeJA is consistent with higher PDF1.2 expression induced by MeJA in the double mutant.
Another plant hormone, ethylene, also participates in the defense against necrotrophic pathogens and the induction of PDF1.2 Berrocal-Lobo et al. 2002; Lorenzo et al. 2003) . To test whether the responses of pob1-1 pob2-1 to ethylene were altered, we plated the mutant plants on MS plates with different concentrations of ethylene precursor ACC and found that the double mutant displayed no altered responses to ethylene (supplementary data, 2 Figure S1 ).
We also tested the responses of pob1-1 pob2-1 double mutant to SA. When plated on MS plates with different concentrations of SA, the mutant plants displayed similar sensitivity to SA as wild type (Supplementary data, 2 Figure S2 ), which further confirms that responses of the pob1-1 pob2-1 double mutant to SA were not altered.
Complementation of the mutant phenotypes in the pob1-1 pob2-1 double mutant
To test whether the mutant phenotypes in the pob1-1 pob2-1 double mutant can be complemented by POB1 or POB2, we transformed constructs expressing POB1 or POB2 under their own promoter into the double mutant plants. As shown in Fig. 5A , pob1-1 pob2-1 plants carrying either POB1 or POB2 transgene reverted to wild-type size. When pob1-1 pob2-1 plants carrying either the POB1 or POB2 transgene were challenged with B. cinerea, susceptibility to the pathogen was restored to levels similar to wild-type plants (Fig. 5B) , indicating that the enhanced resistance to B. cinerea in the double mutant was due to mutations in POB1 and POB2. Furthermore, susceptibility to H. arabidopsidis Noco2 was also restored to wild-type level in the POB1 and POB2 transgenic plants (Fig. 5C ). In addition, the transgenic lines displayed wild-type responses in the MeJA-mediated growth inhibition assay (Fig. 5D and 5E ), suggesting that enhanced JA responses in pob1-1 pob2-1 are indeed caused by mutations in both POB1 and POB2. Thus, all the mutant phenotypes observed in pob1-1 pob2-1 can be complemented by POB1 or POB2, confirming that POB1 and POB2 function redundantly in regulating these processes.
Real-time RT-PCR analysis showed that the expression of POB1 and POB2 was not affected by JA treatment (data not shown). Analysis of POB1 and POB2 expression using the microarray database at the Arabidopsis Information Resource found that both genes were modestly induced by Pseudomonas syringae pv. tomato DC3000, but not by B. cinerea.
The BTB domain of POB1 is involved in the dimerization of POB1 and POB2
The BTB domain is a protein-protein interaction motif found in many proteins with different functions (Stogios et al. 2005) . To identify proteins interacting with the BTB domain in POB1, we performed a yeast two-hybrid screen using the BTB domain of POB1 as bait. Six proteins were identified from the screen (see supplementary data, 2 Figure  S3 ). Interestingly, we found both POB1 and POB2 from the screen. The interactions between the BTB domain of POB1 with POB1 or POB2 were confirmed by co-transforming yeast with the bait plasmid and the prey plasmids containing POB1 and POB2. As shown in Fig. 6A , the BTB domain of POB1 interacts with POB1 and POB2 in the yeast twohybrid assays. We further tested whether the full-length POB1 and POB2 interact with each other. As shown in Fig. 6B , the full-length POB1 interacts with itself as well as POB2, suggesting that POB1 and POB2 can form homodimers as well as heterodimers in the yeast two-hybrid assays and the BTB domain may be a dimerization motif. It remains to be determined whether POB1 and POB2 dimerize in vivo. 
Discussion
The BTB domain is a protein-protein interaction motif found throughout eukaryotes (Stogios et al. 2005) . A variety of functional roles have been identified for the domain, including transcriptional regulation (Melnick et al. 2000; Ahmad et al. 2003) , cytoskeleton regulation (Ziegelbauer et al. 2001; Kang et al. 2004) , ion channel assembly and gating (Kreusch et al. 1998; Minor et al. 2000) , and protein ubiquitination (Geyer et al. 2003; Xu et al. 2003; Pintard et al. 2004) . Several important plant defense regulators such as NPR1, NPR3, and NPR4 also contain BTB domain (Rochon et al. 2006; Zhang et al. 2006) .Our study showed that POB1 and POB2 function redundantly as negative regulators of defense against pathogens.
Previous studies have shown that JA induces the expression of PDF1.2 and plays essential roles in plant defense against necrotrophic pathogens (Glazebrook 2005) . Both JA synthesis and signaling mutants exhibited enhanced susceptibility to necrotrophic pathogens. Our data showed that knocking out both POB1 and POB2 causes enhanced induction of PDF1.2 and resistance to B. cinerea, as well as hypersensitivity to JA.
Interestingly, pob1-1 pob2-1 also displays higher expression of PR1 and enhanced resistance to H. arabidopsidis Noco2 but is not more sensitive to SA, suggesting that JAmediated resistance responses may also contribute to defense against oomycete pathogens. This is consistent with our findings from another study that JA is required for higher expression of PR1 and resistance against H. arabidopsidis Noco2 in snc4-1D, which contains a gainof-function mutation in a receptor-like kinase (Bi et al. 2010) . In addition, the pob1-1 pob2-1 double mutant exhibits an early senescence phenotype. Whether it contributes to the enhanced pathogen resistance remains to be determined.
It is known that JA-mediated expression of PDF1.2 and resistance to necrotrophic pathogens are facilitated by ERF transcription factors ERF1 and ORA59 Pré et al. 2008) . How resistance responses to necrotrophic pathogens are repressed in the absence of JA is not clear. Our study identified POB1 and POB2 as two negative regulators of defense against necrotrophic pathogens in which JA may play an important role. It will help us better understand how defense against necrotrophic pathogens mediated by JA are regulated.
